when isolated from their native genetic background and inserted into a new one (as in a commercially adapted cultivar), introgression lines (ILs), such as the presently developed set of 123 TILs, can provide an effi cient means for verifying and fi ne-mapping QTLs and for measuring their phenotypic impact after introgression.
One of the most studied and phenotypically characterized rice mapping populations available today is a set of 280 Lemont × TeQing recombinant inbred lines (LT-RILs), which was developed jointly by the USDA-ARS and the Texas Agricultural Experiment Station (Tabien et al., 2000;  seed is available on request from the corresponding author). The LT-RILs have been used by various groups to molecularly map more than 250 agronomically important QTLs, including loci for resistance to four rice diseases Tabien et al., 2002; Pinson et al. 2005 Pinson et al. , 2010 , and rice grain-quality QTLs (Mei et al., 2002) . QTLs for several grain-yield component traits were also identifi ed in an earlier generation of Lemont × TeQing progeny (Paterson et al., 1995; Li et al. 1997 Li et al. , 1998 . This set of 123 TILs containing molecularly tagged segments of the indica TeQing genome now introgressed into the genetic background of Lemont, a U.S. tropical japonica rice cultivar, was specifically designed to provide an effi cient avenue for verifying, molecularly tagging, and incorporating these many desired TeQing QTLs into improved U.S. rice cultivars. The molecular data obtained with the fi ne-mapping protocols of Shan et al. (2009) and Wang et al. (2011) can be used to identify a subset of TILs wherein a genetic locus of interest can be studied individually (isolated from other QTLs). To study QTLs in combination (i.e., to study epistasis), selected TILs can be crossed, or in some cases, both QTLs may be already fi xed as desired in a different subset of TILs. Molecularly characterized CSSLs have been shown to be useful for de novo mapping as well as for verifi cation of not only a single locus per trait (Shan et al., 2009 ) but also multiple QTLs per trait (Gutiérrez et al., 2010) . As a set of molecularly characterized CSSLs, the TILs are useful for de novo mapping of genes in addition to verifi cation and fi ne-mapping of previously reported QTLs.
Furthermore, the TILs were designed to allow researchers to directly measure the realized phenotypic effect(s) (i.e., agronomic utility or breeding value) of the various indica QTL regions after introgression into a semidwarf tropical japonica rice genetic background similar to that of the majority of commercial rice cultivars grown in the southern USA and throughout Central America. Tropical japonicas are also adapted to specifi c regions of South America, Australia, and Africa as well. This direct measurement is important because there are several reports of QTL introgressions not producing the phenotypic changes predicted by prior QTL analyses. For example, Steele et al. (2006) found that only one of four rice root-length QTLs exhibited an effect on root length after MAS-driven introgression into a new genetic background. Liao et al. (2001) found the introgressed genetic background to have a larger effect than the fi eld-versus-greenhouse environment on the measured effect of several QTLs affecting the number of rice panicles produced per plant. A set of reciprocal ILs has been used to document signifi cant effects from the genetic background on the expression of QTLs for heading date, plant height, and resistance to sheath blight disease (Xie et al., 2008; Wang et al., 2009) . QTL-by-genetic-background interactions have been studied in greater depth in tomato, where epistasis has proven signifi cant (Eshed and Zamir, 1996; Lecomte et al., 2004; Causse et al., 2007) . Other possible causes of apparent loss or change in genetic effects after introgression include poor estimates of location and/ or genetic effects of mapped QTLs (Beavis, 1998) and also epigenetic changes, such as DNA methylation, causing gene silencing or a quantitative change in gene expression (Sheldon et al., 2002; Shindo et al., 2006) . Regardless of the underlying cause of QTL-by-genetic-background interactions, the TILs will be particularly useful for measuring the agronomic impacts of the indica QTL regions after introgression into a tropical japonica genetic background.
Materials and Methods

Development of the Population
An initial set of 262 TILs was developed at the IRRI in Los Baños, Phillipines. They were derived from a cross of Lemont × TeQing followed by two to four backcross cycles with Lemont as the recurrent parent and were fi nished with three to fi ve generations of selfi ng and selection for homozogosity. The number of backcrossing cycles varied from two to four because the selfi ng and inbreeding process began earlier in progeny lines that appeared phenotypically similar to Lemont in IRRI fi eld plots than for lines whose phenotypes indicated the need for additional backcrossing. This decision was based on visual observation of phenotypic similarity with Lemont check plots since no molecular marker data had yet been collected. No intentional selection was applied during the backcrossing stage. Because Lemont was not ideally adapted to IRRI's tropical environment, as evidenced by fl oret sterility rates as high as 40%, the fi nal selections toward homozygosity and the Lemont phenotype were conducted in Beaumont, TX and supervised by USDA-ARS. The 262 TILs were brought through a U.S. quarantine grow-out then underwent phenotypic observation and selection for uniform appearance, which indicated high levels of homozygosity among progeny plants, in fi eld plots in 2002, 2003, and 2004 , as described further below. A separate, contrasting set of Lemont-into-TeQing backcross ILs was initiated simultaneously with this one but remained at IRRI for the fi nal populationdevelopment steps (Zheng et al., 2007) .
When a TIL exhibited phenotypic segregation in the Beaumont, TX fi eld plots, two to fi ve phenotypically distinct progeny siblines were identifi ed and advanced by selfing to homozygosity in separate headrows. For example, if segregation for plant height was observed among TIL progeny in the single-row plot grown in 2002, then seed was harvested from fi ve short and fi ve tall plants within that row and planted into replicated headrows in 2003, where selection for one uniformly (homozygous) short plus one uniformly tall sibline was pursued. If more than one trait was observed segregating, then up to 10 sib-progeny rows were
Journal of Plant Registrations, Vol. 6, No. 1, January 2012 and/or several heterozygous loci in these regions as well, as one would expect if these lines had resulted from pollen outcrossing during the many backcrossing and self-pollinated generations progressed through during population development. The fact that Lemont exhibited high rates of fl oret sterility under IRRI's tropical conditions suggests that environmental conditions may have reduced the pollen viability in the TILs, causing them to be more susceptible to outcrossing during this time. Progeny lines containing from one to four nonparental alleles were also examined further, and a trend among markers was now detected. Some specifi c markers exhibited a nonparental form with more frequency than other markers, suggesting that these seemingly nonparental data might have resulted from imprecise replication of DNA during amplifi cation. Indeed, when these markers were reevaluated among the TILs, parental alleles were detected, but sometimes off-type band sizes were now seen for other TILs that had previously shown parental alleles. This point is mentioned to forewarn those planning to use this population in the future that the following loci exhibited a tendency for imprecise molecular evaluation (error rates in parentheses): RM16 (2.5%), RM317 (2.8%), RM428 (3.2%), RM3828 (2.2%), RM5626 (1.9%), and RM8208 (4.1%).
Molecular redundancy among siblines resulted in the further elimination of 31 lines, resulting in a fi nal population of 123 TILs for public release, which are shown in Figure 1 in chromosomal order of their TeQing introgressions. In some cases, multiple siblines selected from segregation observed in the United States after TIL quarantine are in the fi nal set of 123 TILs ( Fig. 1 ; Table 1 ). These are denoted as siblines with decimals following their quarantined TIL identities.
To document the utility of the present TIL population as a mapping tool, it was used to verify several previously reported heading-time QTLs. The observed heading dates (HDs) among the fi nal set of 123 TILs across 2 yr (a total of three replications) in 2008 and 2009 was used for this analysis. The ability of the TIL population to verify HD QTLs was tested in two ways: (i) by comparing the HD of the subset of TILs containing the TeQing allele versus the subset of TILs having the Lemont allele for each marker locus, and (ii) by comparing the subset of TILs containing the TeQing allele with repeated check plots of Lemont, the recurrent parent. One-tailed t tests conducted with the TTEST procedure in SAS (SAS Institute Inc., Cary, NC) were used to determine if introgression of the TeQing allele at a particular SSR locus was associated with a signifi cant change in heading time, which was considered indicative of physical linkage between the SSR and a heading-time QTL.
Characteristics Description of the Population
Most of the TILs (97%, or 119 of the 123) were found to contain more than one TeQing introgression, and some had as many as 20 scattered (or discontinuous) introgressions. The percentage of Lemont alleles in the individual TILs ranged from 65% (the applied threshold for inclusion) up to 99%, with an overall average (± 1 SD) of 89% (± 7). Figure 1 shows observed the next season and more than two phenotypically divergent siblines were progressed to homozygosity. The purpose of developing multiple siblines after the backcrossed progeny were brought into the United States was to preserve multiple trait variations and chromosomal rearrangements during the drive toward homozygosity rather than to force selection of one variant over another. This inclusion of multiple phenotypically distinct siblines for backcross-progeny lines that had been found to segregate expanded the population to 282 TILs by 2004, when the fi rst molecular marker data was collected.
The introgressed segments within these 282 phenotypically stable progeny lines were characterized on an ABI 3700 DNA Analyzer (Life Technologies Inc., Carlsbad, CA) with 178 polymorphic SSR markers that had been evaluated against known Lemont and TeQing parental DNA samples. The markers used were mapped through linkage analysis by Temnykh et al. (2001) Based on this marker data, a total of 159 of the original 282 lines were removed from the population based on the criteria that follow, resulting in a fi nal set of 123 TILs that contain the TeQing allele for every marker evaluated in at least one genetic line. The marker data indicated that in 37 lines (13%), less than 65% of the genome contained Lemont SSR alleles, and so these lines were removed for not having a predominance of recurrent-parent (Lemont) alleles. This threshold was selected by fi rst evaluating the TILs in which Lemont alleles composed 70% or more of the genome and then determining that some portions of the TeQing genome were not well represented; for example, no TILs whose genomes comprised 70% or more Lemont alleles contained the TeQing allele at RM132 on the tip of chromosome 3. A lower threshold, in which 65% of the genome comprised Lemont alleles, was found to return four TILs to the fi nal population, including two containing the TeQing allele for RM132. Another 44 (16%) lines were removed because they contained only Lemont alleles, and thus no TeQing introgressions. Each of these seemingly Lemont lines had appeared phenotypically homozygous on introduction into the United States, suggesting that these lines probably resulted from self-pollinations rather than backcross pollinations.
Also removed were 16 (6%) lines that remained heterozygous at fi ve or more chromosomal regions, and 31 (11%) lines that had nonparental alleles at fi ve or more loci. In the case of the nonparental alleles, all data peaks reported by the ABI 3700 were rechecked to verify that the appearance of nonparental alleles was not an anomaly caused by weak peaks at the expected parental locations. Upon further examination, progeny lines containing fi ve or more nonparental alleles were often found to contain nonparental alleles for multiple linked loci (chromosome segments) tillering rate, and grain quality is in process by the authors for other studies, and on publication of those studies will be added to the table available through GSOR. All who obtain seed and collect new data on all or a portion of this research population are encouraged to contribute their data to the public database as well. One can conduct de novo mapping using the entire set of 123 TILs or can select specifi c TILs with which to study any specifi c region of TeQing now introgressed into a predominantly Lemont genetic background.
The average spacing between markers in Figure 1 was 0.5 cM, with the cM distances based on Temnykh et al. 2001 , which serves as the basis for the Cornell SSR 2001 map. Just 12 marker gaps were larger than 20 cM, and only one was larger than 25 cM, with a space of 26.7 cM between RM16 the TILs arranged in chromosomal order of their TeQing introgressions. To emphasize the fact that all genomic segments of TeQing are now contained in one or more TILs, TILs having two or more uncommon or large introgressions are listed more than once in Figure 1 . Chromosomes and markers are listed horizontally with dark lines dividing each chromosome. TILs are listed vertically and arranged in a manner to highlight the tiling and overlapping nature of the introgressions among the TILs, which appears as a diagonal red line. TILs that have multiple signifi cant introgressions are listed more than once in the diagram. The fact that a segment of chromosome 7 was found introgressed into an unusually high number of TIL progeny can be seen as a vertical red line. A lavender cell indicates heterozygosity detected in that TIL at that locus, white indicates missing data.
Journal of Plant Registrations, Vol. 6, No. 1, January 2012 (65) of the TILs. Although several traits and QTLs have been mapped to this chromosomal region (Gramene cites QTLs for spikelet number, grain yield, biomass yield, resistance to blast disease, and seed length/width ratio), no clear hypotheses arise as to what caused the high retention of TeQing alleles in this region during the backcrossing and selfi ng process. The least-introgressed portion of the genome was in the upper end of chromosome 5 with markers RM1024, RM413, and RM13 in two, two, and one TIL, respectively.
The lengths of the introgressed regions varied widely. Among the shortest is a single-marker introgression approximately 1.8 cM long at the tip of chromosome 9 into TIL:642. Among the longest introgressions found is a segment approximately 162 cM in length, nearly half of chromosome 3, introgressed into TIL:442. Four of the TILs contain the entire length of chromosome 7 (116.6 cM) from TeQing, probably the result of the above-mentioned apparent selection for TeQing alleles on this chromosome during population development. This variability in the lengths of the introgressions increases the utility of the TILs as a whole. For example, one can select a subset of TILs with long introgressions to represent the entire TeQing genome in as few TILs as possible. Such selection would be useful for determining and RM55 on chromosome 3. All portions of the TeQing genome are now introgressed into one or more TILs. At least one TIL (and an average of 12 TILs) contains the TeQing allele for each of the 178 markers observed.
While using the TILs to verify QTLs for other studies, Pinson et al. (2011) and Wang et al. (2011) determined that introgression of a TeQing allele into more than one TIL can enhance the utility of the population as a whole by providing more internal replication, and that more instances of fi xed recombination within the various genomic segments could be retained in a smaller number of progeny lines than if the population were composed of TILs containing just one introgression per line. Because the TILs were proving useful to multiple in-house studies, it was decided to release the population of TILs in their present state, making them immediately available to others, rather than delaying their release until after additional backcrossing could be accomplished to further reduce the number of introgressions per TIL.
Genetic bias was also observed among the TILs. A portion of chromosome 7 was introgressed at an unexpectedly high rate and appears as a red vertical line in Figure 1 . RM118 was the most incorporated TeQing allele, being found in 53% A 1-tailed t test was used to determine if the HD was signifi cantly different or not between the TILs containing an introgressed TeQing allele and the TILs containing the Lemont allele at that locus. The TILs with the TeQing introgressions were also compared with repeated check-plots of Lemont, the recurrent parental line. Linkage between markers and HD is indicated with the probability of similarity was < 0.05, translating to a 95% probability that the two progeny sets differed for HD. ‡ Mega-base-pair (Mbp) locations along the chromosome are reported as per the Gramene Annotated Nipponbare Sequence 2009 at www.gramene.org. § Centimorgan (cM) locations along the chromosome are reported as per Temnykh et al. (2001) . ¶ P values from a 1-tailed t test comparing the arrays of heading dates averaged for each genotype-based subpopulation over three fi eld replications.
# n/a indicates data not available in-house nor at www.gramene.org.
have reported the location of HD QTLs identifi ed within Lemont × TeQing mapping populations Pinson et al., 2005) . In both of those studies, the same two QTLs, qHD3a and qHD8a, were found to have the largest phenotypic effect on HD, with reported additive effects of 7 and 8 d, respectively. The qHD3a locus mapped to a 29-cM region on the upper 4 Mbp end of chromosome 3, which is tagged within the TILs by RM132, RM231, and RM489. In the present TIL study, an average 4-d delay in heading was associated with the TeQing introgression of RM231 but was not statistically signifi cantly linked to RM132 or RM489 (Table 2) , which verifi ed the existence of a HD QTL on chromosome 3 and located it more precisely to the 11-cM segment fl anking RM231 rather than to the entire 29-cM end of chromosome 3 Pinson et al., 2005) .
The second strongest HD locus according to prior studies Pinson et al., 2005) was qHD8a, which was reported to reside in a 40-cM (9-Mbp) region which chromosome(s) contains genes for a trait that is highly heritable but too expensive or diffi cult to measure on all 123 TILs. Conversely, the TILs that contain smaller introgressions in a particular region of interest would be especially useful for studies to fi ne-map a gene or QTL. The released TIL population intentionally contains both long and short introgressions so that researchers can use the molecular data in Figure 1 Pinson et al. (2005) reported a total of nine heading-date (HD) QTLs segregating within the Lemont × TeQing RIL population, seven of which were verifi ed among the TILs. Data on four HD QTLs are presented in Table 2 . Two prior studies
Demonstration of TIL Population Utility
Journal of Plant Registrations, Vol. 6, No. 1, January 2012 introgressed. For example, to more precisely determine the location and phenotypic effect of two previously mapped TeQing QTLs for sheath blight resistance, Wang et al. (2011) selected three TILs that contained introgressions encompassing one or both of the targeted QTLs but no TeQing introgressions in the other 13 genomic regions previously reported to contain TeQing resistance alleles. When the selected TILs were crossed with Lemont, Wang et al. (2011) were then able to observe the targeted QTLs segregating in a Mendelian fashion.
Discussion
Mapping populations like the TILs have several uses after introgression to an adapted genetic background, not just QTL verifi cations and measurement of QTL effect, or breeding value, as demonstrated above. De novo mapping of grain-quality traits was recently demonstrated in the contrasting Lemont-into-TeQing backcross introgressions (Zheng et al., 2007) . Wang et al. (2011) used three selections from the present set of TILs to verify the location and phenotypic value of two sheath blight resistance QTLs from TeQing now expressed in a tropical japonica genetic background. Some of the present ILs may also be useful as breeding parents in that they contain foreign QTL regions now introgressed into a tropical japonica genetic background. Three TILs-TIL:455 (PI 642943), TIL:514 (PI 642944), and TIL:642 (PI 642945)-were recently released as sheath blight-resistant rice germplasm (Pinson et al., 2008) . Together, these three TILs make eight novel sheath blight resistance alleles available to breeders within an elite U.S. rice genetic background having good grain-quality attributes, early maturity, and glabrous leaves and hulls.
Availability
Small quantities of parental and TIL seed may be obtained from the USDA-ARS Genetic Stocks-Oryza (GSOR) Collection at the USDA-ARS DBNNRC in Stuttgart, AR, where they are identifi ed as GSOR accession numbers 100600 through 100724. It is GSOR's policy to disperse 0.25-g samples of each line in a mapping population. Instructions for requesting seed can be found at http://ars.usda.gov/spa/ dbnrrc/gsor. We ask that appropriate recognition be given when one or multiple TILs contribute to future research. of chromosome 8. It was not precisely mapped in these prior studies because of gaps along chromosome 8 in those RFLP marker maps. Among the TILs, qHD8a was mapped to the 10-cM region fl anking RM44 (Table 2) . Previous mapping of another QTL, qHD9, had been similarly hindered by large marker gaps Pinson et al., 2005) , but the present TIL study located this QTL to the approximately 14-cM region fl anking RM105 (Table 2) .
Supplemental Data Available
The presence of genetic bias seen among the TILs for chromosome 7 (Fig. 1) warrants further investigation of qHD7. As discussed previously, genetic bias was noted among the TILs, with RM118 being present in half of the TILs. Although RM118 is approximately 75 cM distal to the qHD7 region, the number of TILs containing the TeQing allele for RM125, RM2, RM11, and RM455 was also high (the number of TILs is shown in parentheses in Table 2 ). This increase in TeQing-tagged TILs contributed to the higher statistical signifi cance of the linkage detected among the TILs between qHD7 and RM11 even though this QTL has a smaller phenotypic effect than qHD8a. The verifi cation of qHD7 demonstrates the value in retaining redundancy and in releasing the TILs in their present form rather than reducing the number of introgressions per line, which would in turn decrease the number of TILs containing overlapping introgressions.
By subtracting the average HD for the marker-selected TIL populations, one fi nds that the effect of the double or homozygous introgression of qHD3a was 4 d, which indicates an additive effect of 2 d per TeQing allele. This is less than the 7-d additive effect reported earlier . Likewise, the additive effects calculated for qHD8a and qHD7 are 3 d and 2 d, respectively, which are approximately half the additive effects estimated from the prior F 2 and RIL studies. The gene effects measured among the TILs after introgression into a predominantly U.S.-adapted genetic background are better than the additive effects determined from F 2:3 and RIL studies at predicting the phenotypic change a breeder would fi nd when introgressing these QTLs into a new tropical japonica rice cultivar Pinson et al., 2005) .
Marker-trait linkage among the TILs was generally stronger (detected at lower probability; Table 2 ) when the TeQing-tagged TILs were compared with the Lemont check plots rather than with the Lemont-tagged TILs. The exception to this trend was qHD8a, the sole QTL in which the Lemont allele was associated with an increase in HD. One downside to having multiple introgressions per TIL is that the TIL population subsets being studied for the presence or absence of one HD QTL were confounded somewhat by presence or absence of other HD QTLs (especially the commonly present qHD7), which caused the TIL subsets to have higher average HD than the Lemont check plots. While it is more effi cient in terms of fi eld space and phenotyping labor to use only Lemont check plots for verifying QTLs, instead of a Lemont-tagged subset, it would be wise to fi rst consider the phenotypic effects of all anticipated QTLs.
Depending on the trait of interest and level of prior knowledge, it can also be possible to select a subset of TILs for further study wherein just the targeted QTLs are
